Abstract. This paper presents studies related to application of a STATCOM (Static Synchronous Compensator) with the goal of providing voltage support to a wind-power system based on DFIG (Double Fed Induction Generator) The STATCOM is connected at the point of common connection (PCC) to mitigate energy quality problems. Scenarios were evaluated with input and output loads of various nature. The results of a model built in software PSCAD / EMTDC were presented and discussed
Introduction
Concern about environmental degradation due to human activity and the growing demand for electricity increased the interest in boosting investments in renewable energy, such as wind, solar, biomass and Small Hydropower (SHP).
By having a greater economic viability, wind generation, has been highlighting increasingly among the other alternatives. The proof is the exponential growth of installed generating global capacity, which in 2012 reached 282.430MW, according to the Global Wind Energy Council [1] . An immediate impact of this growth is the increased penetration of wind generation, i.e., the effective contribution of this source in the energy matrix. In this regard, we highlight mainly European countries such as Denmark (27%), Portugal (17%), Germany (11%), Spain (16%), among others [2] . Talking about Brazil, although we have 2.1 GW [3] of installed power, their effective participation in the matrix does not exceed 2%.
Despite the penetration of wind portion be a factor desired for any energy matrix, this also brings some problems. For an efficiently energy extraction in an intermittent system, like the wind, it is necessary the use of converters based on power electronics, to provide an operating frequency and voltage constant, with a wind speed variable, which results, without proper care, the increase in Total Harmonic Distortion (THD%), extremely undesirable in Electric Power Systems (EPS).
The use of converters for converting wind becomes even more necessary and complex, especially when it comes to variable speed wind power systems in which there is a different behavior for each wind speed.
The wind turbines based on doubly-fed induction machine, known as DFIG (Doubly Fed Induction Generator) are responsible, in the world, for 50% conversion of wind [4] . In addition to supporting the networks during faults, wind turbines equipped with the machine can contribute to the quality of power generated. It is possible to use specific control strategies for this purpose both the grid-side converter (GSC) and the rotorside converter (RSC) as made in [5] . This machine is connected directly to the grid through the stator, and through bi-directional converter AC-DC-AC (RSC + GSC), known as back-to-back, through the rotor. The converter back-to-back processes only a portion of the energy generated by the machine. Although approximately half of the market is dominated by wind turbines with this type of machine, there are a considerable number of older turbines based on induction machine rotor windings without using the grid-side converter. This architecture while also contain power electronics, is composed only by RSC.
Thus, this paper aims to present improvements in the dynamics of oscillations and small faults in the system performed with the contribution of a STATCOM in Point Connection Common (PCC) of a wind turbine based on DFIG in the absence of GSC. So will be analyzed: voltage, frequency, active and reactive power. At the end of the study will be a comparison for systems both with and without STATCOM in wind turbines based on DFIG without GSC. To prove improved dynamic provided by STATCOM, simulations were performed in software PSCAD / EMTDC.
Wind turbines equipped with DFIG
As highlighted previously, with demands for more stringent grid codes, wind turbines connected to the grid should, not only provide energy to support grid stability in the event of failure. This leads to additional complexity to the control system of static converters. Through a DC bus link between the two converters, the control must be performed independently. This means that the RSC should be responsible for the control of active and reactive power of the DFIG stator while the GSC, to ensure. proper operation of RSC, should regulate the voltage at DC link. To have energy flux towards the GSC to the grid is necessary that the slip of the machine is less than 1. For better understanding Fig. 1 shows the schematic of a wind turbine based on this type of machine. 
A. Mathematical modelling
The equations of voltages for the stator and rotor are in their respective references shown in (1) and (2) respectively:
When on the synchronous referential (1) and (2) can be written as:
From the above equations it is possible to show a model of a doubly fed induction generator can be represented by two independent circuits, one for direct-axis components and quadrature axis to another, as shown in Fig. 2 . 
B. RSC Control system
The following equation shows that the electromagnetic torque depends directly on the direct and quadrature components of the magnetic flux.
Through the control oriented by applied field to the control of RSC is possible to align the coordinate system dq with the direct component of the flow and thus the cancellation of its quadrature component, resulting in:
The stator active power is given by:
However as stator voltage is advanced in almost 90° by the flow of the machine, causes the direct component is zero, in other words:
Analogously, the control of reactive power of the stator ìs given by:
Writing the stator currents as a function of the rotor currents, it has been:
and (15) Thus, as shown by (14) and (15), both the active and the reactive power generated by the stator can be controlled with the rotor current. Before analyzing the block diagram of Fig. 2 , it is necessary to consider that, for the full operation of the control is necessary decoupling between the direct and quadrature axes, and consider in synchronization angle, slipping the machine. 
C. GSC Control system
To the control of grid-side converter is commonly used the voltage-oriented control. To accomplish this it is necessary that the grid voltage is represented by a rotating vector, given by:
With synchronization, the direct axis component of the voltage ⃗ ⃗⃗ has the same module of the grid-voltage while ⃗ ⃗⃗ . Thus, after analysis of the circuit converter, it is obtained following expressions in the synchronous referential:
Ignoring losses the active power can be expressed as:
Through current capacitor, has:
But, is defined as:
As the modulation index, can reewrite (20), as:
The reactive power of the GSC is given by:
Therefore, by (19), (22) and (23) is possible to note that the control of active power converter and DC-link voltage, is performed by direct component of the gridcurrent while the reactive power of the GSC, is controlled by the quadrature-axis component. The block diagram of this control is shown in Fig. 4 [4] . 
STATCOM
The first FACTS devices have appeared with the aim of compensate dynamically transmission lines and, thereby, increase system stability. Others FACTS devices can operate in voltage regulation at a given point of the power grid. In this class of devices its possible to find the STATCOM. In this topic, will be shown the structure of this device, as well as its control system.
A. Structure of the STATCOM
The schematic model of the STATCOM involved in its structure, a power inverter, a capacitor DC and a transformer coupling according to Fig. 5 . In turn, the six-pulse inverter using semiconductor switches, usually IGBTs, for switching and, through the energy stored in the capacitor DC, is capable of generating a synchronous three-phase voltage on its output terminal [7] . Representative inverter topology is shown in Fig. 6 .
vs (abc) is(abc) The STATCOM injects compensating current of variable magnitude at the PCC [6] . This is possible since the STATCOM working as a voltage source controlled by injecting reactive current in the system in a controlled manner.
One of the main benefits of STATCOM for a transmission line is the voltage regulation along the transmission line through reactive power compensation.
According to the literatures [7] - [8] , the compensation of reactive is used to regulate the voltage, both the mid-point (or intermediate) as the end of the line, preventing the instability of the voltage, as well as the dynamic control voltage in order to increase stability and improve the transient damping of power oscillations.
B. Control System of STATCOM
The control system for the STATCOM model used in this work was based on active power theory and instantaneous reactive [9] , one of several control to STATCOM. The model used modulation hysteresis band [10] .
Since the voltages and currents, in the more general case, can contain imbalances and harmonics, the real power and imaginary powers instantaneous will be formed by average components and oscillating, as shown in (24) and (25).
Where the " ̅ " represents the power average value and the "̃" represents the oscillating part.
The physical meaning of the real power and imaginary can be summarized by Fig. 7 , where the real power output of the zero sequence represent the total energy flowing through the system, while the imaginary power q represents the energy exchanged between the phases, without any energy transport [7] - [8] . Fig. 7 . Instantaneous power flow.
The block diagram of the control strategy shown in Fig.  10 has as variable output, the current of the converter injected into the electrical system in αβ coordinates system. According to the control system shown reference signals of the real powers ( ̅ and imaginary ( ̅ are generated according to the conditions of compensation. These power references with the positive sequence voltage ( produce the reference compensation currents ( . These currents are necessary to maintain the regulation of bus voltage AC or compensation from FP. The tension in the DC link is controlled by controlling the real power. Ideally the grid voltage should be composed mainly by positive sequence component. However, eventually, it may contain undesirable components, such as elements of negative sequence and zero, as well as harmonics due to the presence of non-linear loads in the electricity system. Therefore, the control system must, in addition to detecting, make the positive sequence signal as a reference. Since it is quite common to have non-linear loads connected to the electrical system, the structure shown in Fig. 8 is quite usual. To compensate for the power factor, it is necessary to calculate the reactive power of the load. One of the methods mentioned in [9] e [10] is called classic mode, which uses the equation for calculating the imaginary power, given by:
However, for obtaining the average value of the imaginary power ̅, it is the use of a low-pass filter, as shown in Fig. 9 . The next session will discuss the results of simulations for a scenario that includes a wind turbine based on DFIG and static compensator STATCOM. 
Simulation results
In this work the simulated system is subject to different dynamics at different instants. The time of activation of the non-linear load as well as the STATCOM on voltage control mode, are , and , respectively. The simulation has a duration of six seconds. The STATCOM shut down is accomplished in . The scenario simulated system, shown in Fig. 10 , have their parameters specified in Tab. 1. Tab. 1. Characteristics of the simulated system.
The Fig. 11 shows the behavior of voltage in PCC under dynamic stress caused by the load and the entry and exit of operation of the STATCOM. Is possible to observe that the STATCOM brings a great advantage that is able to regulate the voltage through reactive compensation, in this case, surpluses (loads). In normal operation the offset should reactive DFIG system in accordance with the control shown in Fig. 3 , to maintain the system voltage at 1pu. Fig. 12 shows the oscilation of the system frequency. In a, can be noted due the increase of ̃, due the STATCOM switching, has caused a intermittent increase on system frequency.
In b is possible perceive that no STATCOM, the intermittence is just due torque variation. Is important knows that variation must be similar to the active power behavior on DFIG due influence of active power on the system frequency.
In order to verify what was said, the Fig. 13 shows the active power variation injected by DFIG and your similar with the grid frequency without the STATCOM influence. Worth remembering that variation is due just of load, given that the STATCOM will compensate only the reactive parcel of the power. Thus, shall be give increased attention at the instant which the load with inductive power 0.66Mvar is thrown. The STATCOM control makes it compensates the reactive power surplus. This happens due inductive reactive power required to maintain the voltage at the reference has already been satisfied by DFIG.
To show the active power of system, the Fig. 15 brings that due the increase of the DFIG reactive power, the active power must decrease to obey the rated limits. The difference of values shows that the DFIG active power is injected in the grid.
Conclusion
This paper presented studies of a static synchronous compensator (STATCOM) operating in conjunction with wind turbines with systems based on DFIG without the grid side converter. Mathematical modeling of the turbine was presented, as well as an approach about the control system so the turbine as the STATCOM.
The control of the turbine operated to let the bus voltage at 1pu, ie when managing the reactive power needed to regulate the voltage at the PCC. It was observed that the FACTS device, in this case, only acted to compensate the reactive power surplus in order not to compromise the rated values of the machine.
The results prove the effectiveness of the device and show that with the STATCOM, the quality of electricity supply is even more guaranteed. The experimental assembly for the validation of this system will be the subject of future work of this research. 
